Introduction
Volatile organic compounds (VOCs) have ah igh vapor pressure and low water solubility and are recognized asm ajor contributors to air pollution,b othd irectly anda sp recursors to ozone and photochemical smog. Among the VOCs, aromatic compounds are one of the major hazardousp ollutants emitted from stationary sources. As one of the representing aromatic materials, the complete removal of benzene is often studied as am odel reaction, owing to its chemical stability.A tp resent, the most efficient methods for benzene destruction are thermal and catalytic incineration, with the latter being the most popularb ecause it is more versatile and economical for low concentrations of organic emissions. [1, 2] In the procession of benzene catalytic oxidation, the choice of catalyst seems particularly important.B oth classes of catalysts, noble metals and transition-metal oxides, have been widelys tudied fort he destruction of halogenated and nonhalogenated compounds. [3] [4] [5] [6] [7] Noble-metal-based catalysts, despite their higherc osts, are preferred because of their high specific activity,r esistance to deactivation, andr egeneration ability. [2] To minimize the consumed quantityo ft hese noble metals,t he development of catalyst materials exhibiting high activity with as mall amount of noble metals is strongly desired. Additionally,r are-earth oxidesh ave also attracted attention overt he VOCs catalytic oxidation. Ceria (CeO 2 ), as at ypical rare-earth oxide, has been investigated in heterogeneous catalysis, owing to its high oxygen storagec apacity.I tc an provide active oxygen species to ensure the catalytic reaction. More recently,C eO 2 -based mixed oxides were employedf or the removalo fV OCs and obtains atisfied results, [8] [9] [10] among which, CeÀMn composites have been studied by various researchers. CeO 2 -MnO x species can be applied ash eterogeneous catalysts for the abatement of contaminants in the liquid andg as phases,s uch as the catalytic reduction of NO ando xidation of acrylica cid and formaldehyde, which exhibit much higher catalytic activity than those of pure MnO x and CeO 2 . [11] [12] [13] [14] In our previous work, [15] Mn was also doped or mixed with CeO 2 to obtain Ce-Mn composites. Their catalytic behaviors for benzene oxidation were researched, among which,C e 0.3 Mn 0.7 possessed the bestc atalytic activity compared with other CeO 2 -MnO x composite oxides. If CeO 2 -MnO x composites are used as supporters to load noble metals,typicallyP do rP tspe-AC e-Mn composite oxide possessing ar od-like morphology (with af ixed molar ratio of Ce/Mn = 3:7) was synthesized through ah ydrothermal method. Mn ions were dopedi nto aC eO 2 framework to replace Ce ions, thereby increasing the concentration of oxygen vacancies. The formation energieso f Ov acancies for the Ce-Mn composite oxide were calculated by applying density functional theory (DFT). The data showed that it wase asier to form an Ov acancy in the composite. The catalytic behavior of the Ce-Mnc omposite oxide for benzene degradation was researched in detail,w hich exhibited ah igher activity than the pure phases. Based on this, the Ce-Mnc omposite oxide was chosen as as upporter to load PdO nanoparticles. The activity was enhanced further compared with that of the supporter alone (for the supporter,t he reaction rate R 214 8C = 0. 68 ). The corresponding catalytic mechanism was studied through in situ Raman and FTIR spectroscopy,w hich indicated that the processo fb enzene oxidation was relatedtodifferent types of oxygen speciesexisting at the surface of the catalysts.
cies, the catalytic behavior over benzene could be enhanced further. As we know,t he CeO 2 phase can improve the dispersion, oxidation, and reductiono fs upported noble metals, hinder coke formation on the surface of catalyst, and increase the thermalr esistance of the catalyst. [16] [17] [18] [19] [20] [21] [22] Therefore, the catalytic behaviors of Ce-Mn composites or supporting samples over benzene need to be researched in detail. In addition, studies of the catalytic mechanism of Ce-Mn-based catalysts for benzene degradation have been done by many research communities;h owever,t he conclusions remains ambiguous. Moreover,f ew explanations of them echanism in the view of the crystal microstructure (such as crystal defects) are available.
Therefore, we investigated the catalytic behavior of Ce-Mnbased composites through the complete catalytic oxidation of benzene, and the corresponding catalytic mechanismw as also researched with the help of in situ Raman and FTIR spectroscopy.M eanwhile, density functional theory (DFT) wasa dopted to the simulate crystal structure of the supporter (Ce-Mn composite) and to calculate the formation energy of oxygen vacancies. The main aim of our research is to understand the microstructuree lementsi nfluencing the activity of samples in order to acquireamore active catalyst. Figure 1a shows the XRD patterns of the samples in the angular range of 2q = 20-708.F or pure MnO x ,t he intensive and sharp diffractions at 2q = 23. ,r espectively,c an be detected. However,t he diffractionp eak corresponding to PdO cannotbei dentified in the supporting sample, which may indicate that the PdO particles are dispersed homogeneously at the surface of the support and the size is too small to be detected by using XRD.
Results and Discussion

Catalysts Performances
Additionally,i ti sw orth noting that the characteristic diffraction peak of CeO 2 (2q = 28.58)i nC e 0.3 Mn 0.7 is slightly shifted to higher Bragga ngle values, as compared with pure CeO 2 (Figure 1b) . As we know,t he ionic radius of Mn 3 + (0.066 nm) is smaller than that of the Ce 4 + (0.1098 nm), and the incorporation of Mn 3 + into the CeO 2 lattice to form CeÀOÀMn solid solution would result in ar emarkable decrease in the lattice parameter of CeO 2 in the Ce 0.3 Mn 0.7 .M eanwhile, the Ov acancy is also easier to form to balance charge. The microstrain (e) values of these samples were determinedfrom line-broadening measurementso nt he different crystal planesb yu sing the equation e ¼ b = 4tgq . [23] Ce 0.3 Mn 0.7 has am uch higherl attice strain (e = 0.223)t han CeO 2 (e = 0.179), which demonstrates that the density of oxygen vacancies in Ce 0.3 Mn 0.7 is larger than that in CeO 2 .M oreover,t he addition of Pd species led to ad ecrease in the strain of the supports( e = 0.204), suggesting that there was as trong interaction between PdO and Ce 0.3 Mn 0.7 . [23] The weightcontentsofCeand Mn in the support, calculated by using inductively coupled plasma (ICP) techniques, are 36.31 and 34.52 %, respectively.T he remaining weight The oxidation state of catalysts urfaces pecies was examined by using X-ray photoelectron spectroscopy (XPS) analysis. Figure 3e xhibitsX PS patterns of Ce 3d, Mn 2p, O1s, and Pd 3d for the samples. In the Ce 3d spectrum of the support (Figure 3a) , six peaks labeled as V 0 (881.9 eV), V 1 (888.5 eV), V 2 (897.8 eV), V 0 ' (900.8 eV), V 1 ' (907.3 eV), and V 2 ' (916.2 eV) can be identified as characteristico fC e 4 + 3d final states. [24, 25] The high binding energy (BE) doublet (V 2 /V 2 ')i sa ttributed to the final state of Ce IV 3d .T he characteristicp eaks of Ce 3 + are also observed at 903.3/884.6 eV and 897.9/879.2 eV,l abeled as U 1 /U 1 ' and U 0 /U 0 ',r espectively.T he amount of Ce 3 + is estimated to be 15.6 %f or the support, which can be calculated by using Equation (1) . Therefore, Ce species in the support exist mainly in the tetravalent oxidation state. [26] In addition, Ce
can induce the formation of oxygen vacancies in the material, which are essential for absorption/dissociation of oxygen molecules during the oxidationreaction.
where X Ce 3þ is the percentage content of Ce 3 + , A is the integrated area of the characteristic peak in the XPS pattern, and S is the sensitivity factor (S = 7.399). Figure 3b presents the Mn 2p pattern of support. The BE of the Mn 2p 3/2 component appears at 641.7 eV and that for Mn 2p 1/2 appearsa t6 53.3 eV.T he spin-orbit splitting is DE = 11.6 eV and the width is 3.62 eV.O wing to the BEs of various Mn ions being very closet oe ach other,t hey often overlap in the Mn 2p patterns, making the exact identification of Mn oxidation states difficult. [27, 28] To determine the chemical states of Mn further, the Mn 3s XPS spectra of the support were ana- Figure 3b ). The distance of the twin peaks in the spectra (DMn 3s) is about 5.22 eV for the support, which is close to the value of 5.1 eV for the standard sample of a-Mn 2 O 3 .T he DMn 3s value of MnO is about 6.3 eV,i ndicating that the oxidation status of Mn is predominantly tetravalent. [29, 30] The O1sX PS spectrum ( Figure 3c )s hows am ain peak at aB Eo f5 29.1 eV,c orresponding to lattice oxygen of CeO 2 and MnO x phases (O 2À ;d enoted as O a ). [27, 31] Ab road shoulder at 531.5 eV is ascribed to defective oxides or oxygen species of the surface carbonates and hydroxide (denoted as O b ). [14, 32] The ratio of O a /(O a + O b )i sc alculatedt ob ec lose to 80 %, according to the deconvolution of the peak areas by fitting the O1s pattern, which indicates that the support containsm ore lattice oxygen species. As we known, [33] O a is the main active oxygen speciesa nd is beneficial for the catalytic oxidation of VOCs. Therefore, the support should possess ah igher catalytic activity.T he valence state of the Pd speciesi nt he supporting catalyst was identified further throughP d3dp attern ( Figure 3d ). According to Ref. [34] ,r espectively.I nt he supportingc atalyst, the peak for Pd 3d 5/2 appears at 337.4 eV (i.e. close to 337.2 eV). Therefore, the main valence of the Pd speciesi sd etermined to be Pd 2 + ,i na ccordance with the XRD result. In addition, the peak at 342.9 eV is attributed to Pd 3d 3/2 .
Redox Properties of the Catalysts
Hydrogen temperature-programmed reduction (H 2 -TPR) measurements were used to investigate the reducibility of catalyst (Figure 4 ). In the pattern of Ce 0.3 Mn 0.7 ,f our reduction peaks correspondingt ot emperatures of 239, 315, 360 and 683 8C were clearly observed. The peaks at 239 and 360 8Ca re attributed to the reduction of Mn 3 + ,w ith an area ratio of the lower to the highert emperature hydrogen consumption of about 1:2. This is at ypical feature of the two-step reduction of Mn 2 O 3 ;the low-temperature reduction peak (239 8C) represents the reduction of Mn 2 O 3 to Mn 3 O 4 and the high-temperature reductionp eak (360 8C) referrs to the further reduction of Mn 3 O 4 to MnO. [35] The peak at 316 8Cm ay be caused by the synergistic effect between Mn 3 + andC e 4 + ,w hich would result in the highest activity for VOC oxidation. [36] Thep eak at 683 8Ci sa ssigned to the bulk oxygen speciesr eduction of the CeO 2 phase, according to the TPR pattern of CeO 2 ,a ss hown in Figure S1 of the SupportingI nformation. In Figure S1 , it can be observedt hat the peak (683 8C) is shiftedt oal ower temperature compared with that of CeO 2 (746 8C), which may be caused by the interaction between CeO 2 and the MnO x phase.
For PdO/Ce 0.3 Mn 0.7 ,t he reduction peak with the highest intensity was recordeda t8 78C, which may be attributed to the reduction of Pd 2 + speciesa nd interaction between the active phase and supports. [35, 37] The peaks at 418 and6 94 8Ca re attributedt ot he reduction of surfaceo xygen and bulk oxygen in the CeO 2 phaseo ft he support, respectively.C ompared with Ce 0.3 Mn 0.7 ,t he reduction of the supportings ample starts at ar elative low temperature, which indicates that the redox nature of the support is enhanced upon the addition of the active phase and the existence of interactions. In addition, the peak at 240 8C, corresponding to the reduction of Mn 3 + ,i sa lso observed;h owever,t he intensity of the peak is weakw hen comparing with that of Ce 0.3 Mn 0.7 ,i ndicatingt hat the interaction between the active component and the supporter influences the reduction of Mn 3 + . [38] Oxygen temperature-programmed desorption (O 2 -TPD) is an effective method for determining the mobility of oxygen species. The adsorbed oxygen specieso veracatalyst changes according to the following procedure: [39, 40] As shown in Figure5,t he mass spectrometry (MS) signal corresponding to the desorption of O P is not observed over all catalysts, as O P speciesusually desorb at approximately 50 8C. [6] Accordingt othe literature, [23] the peaks between 200 and 500 8C( 260/449 8Ca nd 268/460 8Cf or Ce 0.3 Mn 0.7 and PdO/ Ce 0.3 Mn 0.7 ,r espectively) can be attributedt ot he chemically adsorbedo xygen species on the vacancies. As we known, the incorporation of metal cations (Mn n + )i nto CeO 2 could bring about structural deficiencies (O vacancies) into the framework, which can adsorb oxygen molecules from the gas phase under real reactionc onditions and be activated to form the active O C (i.e. O 2 À or O À )s pecies,p romoting the catalytic efficiency for VOC oxidation. Herein, the oxygen species desorption occurring between 200 and 500 8Cc ould be correlated with the interaction between CeO 2 and MnO x .Additionally,the desorption peak appearing at highert emperatures (> 500 8C) can be at- tributed to bulk lattice oxygen. [40] For comparison, the O 2 -TPD pattern of CeO 2 is exhibited in Figure S2 .
In the O 2 -TPD patterns of the catalysts, it can be seen that the original temperature of O C desorption for PdO/Ce 0.3 Mn 0.7 is higher than that of Ce 0.3 Mn 0.7 ,w hich indicatest hat am uch strongeri nteraction between PdO and the support exists in PdO/Ce 0.3 Mn 0.7 ,c onsistent with the results obtained from XRD and HRTEM. [40] The interaction may be beneficial for VOC oxidation. (Table 1) . Meanwhile, the reaction rates of the samples at 214 8C( r,m ol g cat À1 s
À1
)w ere calculated according to Equation (2) , and the data are listed in Ta ble 1( the benzene conversion is lower than 20 %). From the Ta ble 1, it can be acquired that the rate for the PdO/Ce 0.3 Mn 0.7 sample is 1. 46 10 À4 mol g cat À1 s
,w hich is three times higher than that of CeO 2 (0. 49 10 À4 mol g cat À1 s
).
where N benzene is the gas flow rate (mol s
)a nd W cat is the catalyst weight (g). In addition, the catalytic performance can also be evaluated by comparing the apparent activation energy (E a )v alues of different catalysts, and the sample with al ower E a value will demonstrate superior catalytic activity. The E a could be calculated from the slopeso ft he Arrhenius plots. When the conversion of benzene was below 20 %, benzene oxidation would obey af irst-order reactionm echanism with respectt ob enzene concentration (c,m ol g
[ [41] [42] [43] The E a values of theses amples obtained from the slopes of the linear plots (Figure 6b) 
where A is the pre-exponential factor, R is the universal gas constant, T is temperature,a nd E a is the apparent activation energy (kJ mol
). To examine the stabilities and effect of water vapor on the catalytic performances of PdO/Ce 0.3 Mn 0.7 and Ce 0.3 Mn 0.7 ,w ater vapor (1.5 vol %) was introduced into the system at ac ertain temperature (280 and3 60 8C). The results ( Figures 6c and 6d) show that there was no significant drop in catalytic oxidation of benzene within the first 12 hf or any of the catalysts. It is found that there is only about a1 -3 %l oss in benzene conversion over PdO/Ce 0.3 Mn 0.7 and Ce 0.3 Mn 0.7 when 1.5 vol %w ater vapor is introduced to the gas feed. When the water-vapor feed wasc ut off, the activity almostr estored to the original value and remained stable for the following 12 h, indicating that the effect of water vapor on this reaction system is negative, which may be attributed to the competitive adsorption of water and organic molecules. [44] 
Research intot he Catalytic Mechanism of Benzene Oxidation
In our previousw ork, [45] it was observed that crystal defects of catalysts, such as Ov acancies, have an important effect on their catalytic activities. Although the conclusions have been recognized, sufficientt heoretical evidencei ss till needed. In this article, DFT is adopted to calculate the formation energy of an Ov acancy,s ot hat identifying its role in the catalytic reaction is possible.
The calculations were conducted by using the Vienna ab initio simulationp ackage (VASP) within the framework of DFT. [46] The PBE version of the generalized gradienta pproximation and the projector-augmented wave potential was used to describe the exchange-correlation energy and thee lectron-ion interaction, respectively. [47, 48] A( 3 3 1) 324-atom supercell was used in the defect calculations (Figure 7) . The defect formatione nergy (E f )o fa nOv acancy is defined by using Equation (4):
where E S V O and E S are the total energies of the supercell with and withouta nOv acancy,a nd E O 2 is the total energy of an O 2 molecule.
We comparet he Ov acancy formatione nergies without and with Mn substitution for Ce. Without Mn, the calculated E f is 3.19 eV.I nc ontrast, the E f decreasest o1 .18, 1.84, and 1.98 eV for the cases of V 1 , V 2 ,a nd V 3 with Mn substitution. The distances between Mn and Ov acancies( labeled V 1 , V 2 ,a nd V 3 )a re calculated to be 2.03, 4.36, and 5.92 ,r espectively.T hese results mean that the Mn substitution significantly lowers the energy cost of Ov acancy formation, and the lowering effect becomes weaker as the vacancy distance increases. This is easily understood, because the radius of aM na tom is smaller than that of aC ea tom, and thus allows further relaxation of the atoms aroundt he vacancy,w hich would compensate ah igher energy loss through the missing of CeÀOb onds. In other words, the Ov acancy is easier to form because of the replacemento fM nf or Ce 0.3 Mn 0.7 .G iven the central role of an O vacancy in ac atalyst, [45, 49] Ce 0.3 Mn 0.7 is expected to give ab etter performance than the pure phase, which is consistent with the benzene catalytic degradation results.
To furtherr esearch the status of oxygen vacancies and benzene adsorption during the whole catalytic process in order to understand the corresponding mechanism,i nsitu Ramana nd is attributed to aF 2g Ramanb and from the space group Fm3m of ac ubic fluorite structure. [50] This peak is very sensitivetot he disorderd egree of surfacel attice oxygen. The two peaks at 250 and 1050 cm À1 are assigned to second-order transverse and longitudinal vibration modes of the cubic CeO 2 fluoride phase. [51] The peak at 597 cm À1 is indicative of the presence of defect-induced (D) modes. [52] [53] [54] It can also be seen that the shape and intensity of the main peak (456 cm À1 )e xperience little change;h owever,t he width broadens gradually when the temperature increases, which may be related with the size of the CeO 2 particles. [55] For Ce 0.3 Mn 0.7 (Figure 8b) , there are four peaks in the pattern that exist at 258, 350, 442, and 636 cm À1 ;ashoulder at 575 cm À1 can be also observed. The bands at 258 and 442 cm À1 are attributed to the characteristic peaks of CeO 2 described above,w hereas the bands at 350 and 636 cm À1 correspond to the surface bending vibration of Mn 2 O 3 and symmetrical stretching vibration of MnÀO, respectively. [56, 57] The shouldera t5 75 cm À1 is ascribed to oxygen vacancies. In is worthy noting that the position of the main peak, corresponding to the F 2g vibration, is shiftedf rom 456 to 442 cm
À1
,a s compared with that of CeO 2 ( Figure 8a) ; this can be attributed to the formation of surface oxygen vacancies. [58] Meanwhile, the intensity and symmetry of the main peak become worse with increasing temperature, whichi sa lso caused by crystal structurald efects. [58] The removal of surfacea ctive oxygen results in the formation of oxygen vacancies. The ratio of the integrated peak area for oxygen vacancies (ca. 575 cm
)t ot hat of the main peak (442 cm À1 ), defined as A OV /A MP ,i su sed here to characterizet he relative amount of oxygen vacancies. It can be observed that the ratio of A OV /A MP increases to about 0.276 at 360 8Cf rom 0.119 at room temperature (RT). Surface oxygen can be considered to adsorb favorably on an oxygen vacancy. [59] The result verifiest he involvement of surface oxygen in benzene oxidation.
In situ FTIR spectra of Ce 0.3 Mn 0.7 and PdO/Ce 0.3 Mn 0.7 collected at different temperatures are shown in Figure 9 . In the pattern of the Ce 0.3 Mn 0.7 composite at 100 8C ( Figure 9a) , the bands at 1569 and 1502cm À1 can be assigned to the C=Cd egenerate stretching vibrations of the aromatic ring. [60] The band at 1569 cm À1 is related to the formation of a p-complex between surfacem etal ions (acceptor, Lewis acid site) and the aromatic ring (donor,L ewis base site). [61] As we know,t he metal ions possess empty electronic orbits, which can be filled with pelectron;t herefore, the benzene molecule can be absorbed at the surface of the catalyst. It is interesting to note that the band at 1636cm
À1 is predominant, accompanied by the appearance of ab and at 1308 cm À1 .T he two bands are attributed to as urface enolic species; [62, 63] however, the intensity becomesw eak and even disappearsw ith increasing temperature, indicating that enolic species are partially oxidized surface species. The pattern of the catalysta t4 00 8Ci se xhibited separately (inset picture), owing to the relatively weak peak intensity in the original image, and this is beneficialt oi dentify the bands in detail. The resulting spectrum exhibits bands at 1357 and 1548 cm
,w hich are assigned to carbonate bidentate, whereas bands at 1413 and 1522 cm À1 are ascribed to the asymmetric stretching vibrationo fa cetate-type carboxylates. [59, [64] [65] [66] [67] In addition, the peak at 1223 cm À1 may corresponded to the stretching vibration of CÀCb onds in aliphatic species, [68] which are formed through the breakage of the benzene ring.
For PdO/Ce 0.3 Mn 0.7 ,t he in situ FTIR band at 100 8C ( Figure 9b) i ss imilar to that of Ce 0.3 Mn 0.7 .T he difference is that the band at 1223 cm À1 is more clearly discerned compared with that of Ce 0.3 Mn 0.7 ,w hichi ndicates that the absorbed benzene molecule may be more easily oxidized, with the surface active oxygen species breaking the ring at lower temperatures. The intensities of all of the bands also become weaker as the temperaturei ncreases;t herefore, the spectrum of the catalysta t 400 8Ci ss hown separately to identify each peak as described above (in inset picture of Figure 9b) . The bands at 1362 and 1558 cm À1 are attributed to carbonate bidentate species and the bands at 1412 and 1523 cm À1 correspond to stretching vibrationo fc arboxylates. The peaks at 1455, 1473, and 1488 cm À1 belongt os tretching vibrations of the aromatic ring and the bands at 1335 and 1318 cm À1 are assigned to CÀHv ibrations of benzene. [69] The bands corresponding to the stretching vibration of CÀCc an be also distinguished at 1225 cm
. Based on the analysisa bove,i tc an be seen that the process of benzene oxidation contains severale lementary steps ( Figure 10 ): 1) the formation of a p-complex of benzene adsorptiond uring the interaction of the benzene ring with the catalyst; 2) ag as-phase oxygen molecule is activated at the surfaceo ft he catalystt oa dsorb at surface vacancies; 3) the attack of active surface oxygen species (O 2 À or O À )o ccurs and lattice oxygen is released from the catalystt ot he benzene ring;4 )partially oxidized surface products are formed, including enolic and acetate-type carboxylate species;5 )further oxidation occurs to form the reaction products (CO 2 and H 2 O). It is worth noting that the activation of gas-phase oxygen and benzene-ring breakage are key steps,d uring which more oxygen vacancies are formed or replenished,o wing to the release of lattice oxygen and the formation of surface active oxygen species. Therefore, the role of oxygen vacancies in storing and transporting the active oxygen cannotb ei gnored. For PdO/Ce 0.3 Mn 0.7 ,t he interaction between the active phase and the supporter can influence the surfacee nergy,s ot hat lattice oxygen can be released more easily to produce more oxygen vacancies. Therefore, PdO/Ce 0.3 Mn 0.7 possesses ah igherc atalytic activity. , and ethanol were purchased from Beijing Chemicals Company (Beijing, China). The CeO 2 -MnO x composite oxide (atomic ratio of Ce/ Mn is 3:7) was synthesized by using ah ydrothermal process according to our previously reported experimental operations and labeled as Ce 0.3 Mn 0.7 .
[15] Pure CeO 2 and MnO x were also prepared by using as imilar process as ar eference. PdO/Ce 0.3 Mn 0.7 was synthesized through reduction deposition. [38] Firstly,C e 0.3 Mn 0.7 (as the support) was mixed with Na 2 PdCl 4 solution (0.01 m,1 0mL), and then Na 3 C 6 H 5 O 7 ·2 H 2 Ow as added into the solution. After the reaction, the precipitates were collected and washed. Finally,t he precursors were dried under vacuum at 80 8Co vernight, followed by calcination in air at 400 8Cf or 2h.
Characterization
The crystal phase of the materials was characterized by using XRD (Philips X'pert PRO) with aC uKa radiation source (l = 0.154187 nm) at as canning rate of 0.03 8 s À1 (2q from 10 to 908). ICP measurements were performed to identify the contents of Ce and Mn elements in the support and Pd in the loading catalyst. The morphologies and structures of the samples were observed by using TEM (Tecnai G 2 F20 U-TWIN) with an accelerating voltage of 200 kV.A berration-corrected annular bright-field scanning transmission electron microscopy was performed by using aJ EOL JEM ARM200F TEM equipped with two CEOS probe aberration correctors. The surface compositions were determined through XPS by using an ESCALab220i-XL electron spectrometer from VG Scientific with am onochromatic Al Ka radiation. The BE was referenced to the C1sline at 284.8 eV from adventitious carbon. H 2 -TPR was performed with aU -type quartz reactor equipped with an automated catalyst characterization system (Autochem 2920, Micromeritics). A5 0mgs ample (40-60 mesh) was loaded and pretreated with a5%O 2 and 95 %H em ixture (30 mL min À1 )a nd kept at 150 8Cf or 1hbefore cooling to 50 8Cu nder aH ef low.T he samples were then heated to 900 8Ca tarate of 10 8Cmin
À1 under the flow of a1 0% H 2 and 90 %A rm ixture (50 mL min À1 ). O 2 -TPD was carried out in aU -shaped quartz tube and the desorption signal of oxygen was recorded with on-line mass spectrometer apparatus (HIDEN QIC-20) . Prior to O 2 -TPD testing, the sample (50 mg) was pretreated in ap urified oxygen stream (50 mL min À1 )a t4 00 8Cf or 60 min, cooled to room temperature in an oxygen atmosphere, and purged with as tream of purified He until stabilization of the MS base line was achieved. The reactor was heated at ar ate of 10 8Cmin
À1 from 50 to 700 8C. Simultaneously,t he desorbed oxygen signal was collected with the MS detector.
In situ Raman spectra were obtained on as pectrometer equipped with aC CD detector (Horiba Jobin Yvon HR800). The catalyst samples were excited with a5 14.5 nm Ar line in an in situ reactor, which is capable of heating samples from RT to 600 8Cu nder flowing gases. The laser power was 10 mV and the scanning time was 60 s, with resolution of 1-1.3 cm
À1
.A ll samples were pretreated for 1h in the flow of Ar (50 mL min À1 ,0 .1 MPa) at 250 8Cb efore Raman spectra were collected at RT.F or benzene oxidation, the pretreated samples (50 mg) were exposed to the reaction gas (500 ppm benzene and 20 %O 2 /N 2 ,5 0mLmin
). Then, the sample was heated at ar ate of 10 8Cmin
À1 from 30 to 350 8C. Every temperature point was held for 1hto record the Raman spectra.
In situ diffuser eflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were conducted on aN icolet 6700 FTIR fitted with al iquid-nitrogen-cooled mercury-cadmium-telluride detector (MCT). The DRIFTS cell (Harrick, HVC-DRP) fitted with CaF 2 windows was used as the reaction chamber,w hich allowed samples to be heated to 600 8C. All spectra were within the range of 4000-1200 cm
,a tar esolution of 4cm À1 ,a nd 64 scans were collected. Prior to benzene adsorption and oxidation experiments, the samples were pretreated with N 2 at 400 8Cf or 2hand with 10 %O 2 /N 2 at 400 8Cf or 2h.T hen, the samples were cooled to 100 8Ct o remove the contaminants. The spectra of the samples (50 mg) were recorded from 100 to 350 8Cu nder different conditions. For CB oxidation, the composition of the feed stream was same as that for the catalytic performance test.
Catalytic Activity Tests
Activity tests for the catalytic oxidation of benzene over Ce 0.3 Mn 0.7 and PdO/Ce 0.3 Mn 0.7 catalysts were performed in ac ontinuous-flow fixed-bed reactor under atmospheric pressure;t he reactor contained 100 mg of each catalyst sample (40-60 mesh). To facilitate the horizontal comparison of the subsequent results, the composition of the testing gases required that ap ure airflow (50 mL min À1 ) was mixed with another airflow containing gaseous benzene (1000 ppm, 50 mL min À1 )w ith at otal flow rate of 100 mL min
À1
. The weight hourly space velocity (WHSV) was typically 60 000 mL g À1 h À1 .The products were analyzed on-line by using GC-MS (Hewlett-Packard 6890N gas chromatograph interfaced to aH ewlett-Packard 5973N mass-selective detector) with aH P-5MS capillary column (30 m 0.25 mm 0.25 mm).
To assess the effect of water vapor on the catalytic activities of Ce 0.3 Mn 0.7 and PdO/Ce 0.3 Mn 0.7 ,t he on-stream benzene oxidation experiments were carried out in the presence and absence of 1.5 vol %w ater vapor.T ypically,a na irflow (50 mL min À1 )w as used for bubbling water before it was mixed with another airflow containing gaseous benzene (50 mL min
). The mixed gas containing water vapor (1.5 vol %) and benzene (500 ppm) was used for catalytic tests and the WHSV of the mixed gas was still 60 000 mL g À1 h À1 .
Reaction Kinetics Tests
The kinetics parameters were measured in the fixed-bed reactor for benzene oxidation, as mentioned above, and the catalytic reaction data were obtained after the reaction was stable for 60 min with ac omplete conversion of benzene lower than 20 %a td ifferent temperatures.
